There is an accumulating body of evidence suggesting that the periaqueductal grey (PAG) is involved in the pathophysiology of migraine. Positron emission tomography (PET) studies in humans have shown that the caudal ventrolateral midbrain, encompassing the ventrolateral PAG, has activations during migraine attacks. The PAG may well be involved not only through the descending modulation of nociceptive afferent information, but also by its ascending projections to the pain processing centres of the thalamus. In this study the intranuclear oncogene protein Fos was used to mark cell activation in the PAG following stimulation of the trigeminally-innervated superior sagittal sinus (SSS) in both cats and in nonhuman primates (Macaca nemestrina). Fos expression in the PAG increased following stimulation to a median of 242 cells (interquartile range 236 -272) in the cat and 155 cells (range 104 -203) in the monkey, compared with control levels of 35 cells (21 -50) and 26 cells (18 -33), respectively. Activation was predominantly in the ventrolateral area of the caudal PAG suggesting that the PAG is involved following trigeminally-evoked craniovascular pain.
stages of an attack (Lance & Goadsby, 1998) . This symptomatology suggests the involvement of centrally placed structures in migraine pathophysiology. The midbrain and particularly the periaqueductal grey (PAG) are uniquely placed within the control, modulating and integrating centre of the central nervous system with this region being directly or indirectly connected with a multitude of sensory loci (Depaulis & Bandler, 1991) that could control the development of the migrainous syndrome during an attack.
The first evidence in humans to indicate a central source for the pain of migraine arose from the work of Raskin (1987) , who reported a group of nonmigraine patients developing migraine-like headache after implantation of a stimulating electrode into the PAG. These observations were confirmed in a subsequent report of a larger number of patients (Veloso et al. 1998) . Isolated clinical findings, such as a plaque of multiple sclerosis in the PAG producing migraine-like headache (Hass et al. 1993) have added weight to the general view that brainstem structures have a pivotal role in migraine. Weiller et al. (1995) then demonstrated contralateral rostral brainstem activation, measured using PET as increased blood flow marked by the tracer H # "&O, in patients during a migraine attack. In all patients the pain was right sided and neuronal activity was increased on the contralateral side in a region encompassing ventrolateral PAG and dorsal raphe nucleus. Activation in this region was found both during and following successful treatment of the head pain with sumatriptan. This ongoing activation after the cessation of headache raises the question as to the role of the PAG in the attack and may start to provide a biological basis for the certain phenomena of migraine headache, including recurrence after acute attack treatment (Ferrari, 1998) .
Previous studies have shown that stimulation of the intracranial, extracerebral, trigeminally innervated superior sagittal sinus increases Fos expression in the caudal medulla and upper cervical spinal cord both in the cat (Hoskin et al. 1996 a, b) and the monkey (Goadsby & Hoskin, 1997) . Given that mechanical or electrical stimulation of the superior sagittal sinus (SSS) in humans is pain-producing (Ray & Wolff, 1940) we used our experimental design of SSS stimulation to examine the midbrain and pons for neuronal Fos expression.
  

Anaesthesia and surgery
Cats (n l 5) weighing 2.5 -3.5 kg and monkeys (n l 6) weighing 8 -14 kg were used in this study. Animals were fasted prior to experimentation. Monkeys were transported to the laboratory under ketamine (10 mg\ kg intramuscular injection) anaesthesia. An initial dose of α-chloralose (Calbiochem or Sigma) 60 mg\kg was administered by intraperitoneal injection. During surgical procedures halothane (0.5 -2 %) was administered. The femoral artery and vein were cannulated for continuous monitoring of the blood pressure and heart rate and for administration of anaesthetic, pharmaceuticals and fluid, respectively. Cardiovascular parameters and pupillary reaction to noxious pinching of the forepaw were used to determine the need for supplementary anaesthetic. The animals were intubated endotracheally, ventilated with 40 % oxygen while body temperature and expired CO # were monitored continuously. Animals were mounted into a stereotaxic frame and a midline craniotomy (1.5 -2 cm) was performed to expose the SSS. On completion of surgery halothane was discontinued and blood gases were analysed (Table 1) , after which animals were monitored for 24 h prior to stimulation. This rest period provides an excellent signal-to-noise ratio for Fos studies (Hoskin & Goadsby, 1999) . Fluid (either saline or 4 % glucose in saline) was given intravenously at a rate of 3 -5 ml\kg\h. Anaesthesia was maintained with intravenous α-chloralose dissolved either in water, which requires heating, or in β-cyclodextrin (Storer et al. 1997) , and given at 2 hourly intervals (10 -20 mg\kg). Blood pressure and heart rate were stable and within physiological range for all animals throughout the whole experiment.
To activate the trigeminal primary afferents the SSS was suspended from bipolar hook electrodes and stimulated, for a period of 2 h in the cat and 1 h in the monkey (0.3 Hz, 150 V, 250 µs duration). The stimulation applied was sufficient to activate trigeminally derived nociceptive neurons and elicit Fos protein in the trigeminal nucleus caudalis and upper cervical spinal cord (Kaube et al. 1993 ; Goadsby & Hoskin, 1997) . Controls were performed by suspending the vessel over the hook electrodes with no current applied.
Perfusion
One hour after stimulation the animals were perfused transcardially with 1.5 l of 0.9 % saline (containing 1000 IU heparin and 1 % sodium nitrite) followed by 2 l of paraformaldehyde 4 % in 0.1  phosphate buffer (pH 7.2 -7.4) and then 1 l of 30 % sucrose solution in phosphate buffer. The brain and cervical spinal cord were removed and stored in 50 % sucrose with 0.05 % sodium azide. Coronal sections (40 µm) of the midbrain were cut on a freezing microtome or cryostat and saved for processing.
Immunohistochemical detection of Fos
The Fos protein was detected using a locally produced research antibody fos-x (Gerrard Evan, Imperial Cancer Research, London) ; free-floating sections were incubated at 4 mC for 3 -7 d in a 1 : 1000 dilution. Fos-like immunoreactivity was visualised using standard avidin-biotin peroxidase immunohistochemical techniques, and staining was enhanced with nickel (0.5 -2 %). The sections were mounted onto gelatinised slides and cover-slipped. Sections were subsequently examined under a light microscope (i20 objective). The DAB reaction product is seen as a black precipitate due to the presence of the nickel ammonium sulphate in the reaction bath. At the light microscopy level Fos positive cells appeared as dark round or ovoid structures with variable degrees of staining intensity. Cells were only considered positive if they conformed to the criteria established by Hammond et al. (1992) ; the cell nucleus must be distinguishable from the background throughout a range of i20, 10 and 5 magnification. Cells were plotted onto schematic sections of the midbrain modified from the atlas of Berman (1968) for the cat, and were drawn by hand for Macaca nemestrina, using Adobe Illustrator (v. 4.0). Representative sections from the midbrain periaqueductal grey, levels P1.8, P1.2, P0.2, A0.8, A1.9 and A3.3 anterior (A) and posterior (P) to the interaural line of Macaca nemestrina, after electrical stimulation of the superior sagittal sinus. Data for Fospositive cells ($) are plotted onto one side since the SSS is a unilateral structure and is innervated equally by the trigeminal ganglia on both sides. Fos expression increases in the ventrolateral caudal PAG following superior sagittal sinus stimulation in a distribution similar to that seen in the cat (Fig. 1) .
Plotting and statistics
The cells were plotted onto the schematic transverse sections of the midbrain (Figs 1, 2) . A map of cell activation in this region was compiled and the distribution of Fos positive cells was determined semiquantitatively by summating the number of cells from 5 sections and plotting this over 6 levels of the brainstem (Kaube et al. 1993) . The data are reported as a median with interquartile (25 %, 75 %) ranges for 30 sections, 5 sections per level for each of 6 levels, because of the inherently noninterval nature of the Fos methodology (Siegel, 1956 ).

Animals reported in this study maintained good physiological parameters, blood pressure and respiratory function, during the period of the study (Table 1) . Fos expression in the brainstem due to stimulation of the superior sagittal sinus was only observed in significant quantities in the periaqueductal grey. Fos expression was not observed in the locus coeruleus, nucleus raphe magnus, parabrachial area or to any significant degree in the dorsal raphe nucleus, to mention areas of potential interest for headache.
For expression was marked in all regions of the PAG in both cat and monkey compared with the control unstimulated animals. Within the PAG the ventrolateral area showed the greatest increase in Fos expression. Fos expression in the PAG in both the cat and the monkey was mostly present at the most caudal compared with the rostral level.
Fos expression in cat
In the cat, the dorsal area had a median of 15 cells (range 9 -22) in control animals which increased to 50 cells (range 43 -51) in stimulated animals, the lateral area 3 cells (range 2 -3) in control animals increased to 111 cells (range 110 -124) following stimulation and in the ventral area 18 cells (range 10 -25) increased to 97 (range 80 -106) following 2 h of sinus stimulation.
In the sinus stimulated cats 113 cells (range 110 -119) were found at the level posterior to Fig. 3 A, Table  3 ).
Fos expression in monkey
Increases were observed in the monkey from 9 cells (range 6 -11) to 18 cells (range 11 -27) in the dorsal area, from 10 cells (range 7 -14) to 59 cells (range 41 -69) in the lateral area and from 7 cells (range 6 -7) to 68 cells (range 48 -98) in the ventral area following 1 h stimulation of the superior sagittal sinus ( Table 2 ). The caudal accentuation was not as obvious in the monkey study which had a reduced period of stimulation compared with the cat (Fig. 3 B) .

This study demonstrates robust Fos expression in the midbrain periaqueductal grey matter following stimulation of the superior sagittal sinus in both cat and monkey. Specifically, within the PAG Fos expression was greatest in the ventrolateral area of the most caudal PAG. This pattern of activation is consistent with PET observations in migraine and regions in which direct electrode placement in humans has provoked migraine-like headaches and suggests a pivotal role for the PAG in migraine. Moreover, the PAG has been functionally subdivided into a series of longitudinal neuronal columns extending along its rostrocaudal axis (Depaulis & Bandler, 1991) and the 2 most extensively studied columns include the areas in which Fos expression occurred in this study, the ventrolateral and the lateral columns. The ventrolateral PAG is reported to be involved in processing deep noxious pain and stimulation of this region produces quiescence, bradycardia and hypotension, which has some similarities to symptoms seen in migraine. This series of responses to deep pain is thought to facilitate recovery following injury, whereas the more dorsally located lateral PAG processes cutaneous, superficial pain and stimulation of this region produces defensive behaviour, tachycardia and hypertension, the so called ' flight-fight ' response (Bandler & Keay, 1996) .
Ascending nociceptive pathway
Some of the Fos-positive cells observed are probably activated directly by second order neurons projecting from the spinal cord and caudal medulla. In the rat retro and anterograde tracing studies show that the upper cervical spinal cord cells project to the lateral and ventrolateral regions of the PAG (Menetrey et al. 1982 ; Yezierski, 1991) . Neurons in lamina I of the dorsal horn of the cervical spinal cord relay nociceptive, thermoreceptive and visceroreceptive information to the PAG via a contralateral projection travelling in the spinomesencephalic tract (Blomqvist & Craig, 1991) . Another projection is reported from the nucleus of the solitary tract and its caudal extension lamina X of the cervical spinal cord (Bandler & Shipley, 1994) . Both regions have been found to contain significant Fos expression due to nociceptive stimulation of the trigeminal system (Kaube et al. 1993 ; Strassman et al. 1993) . Cells projecting from spinal cord to the lateral PAG were mostly found in the superficial laminae and in the lateral cervical nucleus while those projecting to the ventrolateral PAG were found in the ventral horn, perhaps reflecting the behaviour-integrating role of the PAG. Cells in laminae IV and V of the spinal cord sent afferents to both regions of the PAG but few cells were found to project to both regions (Keay & Bandler, 1992) . Similar studies looking at Fos expression in the periaqueductal grey following noxious stimulation determined that deep and cutaneous pain causes Fos expression in different regions of the PAG. Painful cutaneous stimulation results in Fos expression in the lateral PAG while that due to deep, visceral pain produces Fos in the ventrolateral PAG (Keay & Bandler, 1993) , consistent with the previously mentioned tracing studies.
Descending pain control pathway
It is also possible that these Fos-positive cells in the PAG are involved in modulating pain at the level of the spinal cord as a reflex response to incoming nociception. Cell bodies within the PAG are known to give rise to descending inhibitory pathways that act on the primary afferents within the dorsal horn of the spinal cord. Microinjection of excitatory amino acids (EAAs), such as glutamate, into the PAG inhibit responses in dorsal horn neurons (Jones & Gebhart, 1988 ; Sandkuhler et al. 1988 Sandkuhler et al. , 1991 . In the rat the anterograde tracer, Phaseolus vulgaris leucoagglutinin, injected into the PAG showed terminal labelling bilaterally in the principal sensory trigeminal nucleus and the oral, interpolar and caudal subnuclei of the spinal trigeminal nucleus. This projection was predominantly ipsilateral (Li et al. 1993) . In rat hot plate tests, electrical stimulation of the PAG is more effective at blocking ipsilateral nociception than contralateral nociception (Levine et al. 1991) which is in agreement with much earlier findings by Basbaum et al. (1977) . This, unfortunately, was not something we could study in this experimental design. On a larger scale, behavioural analgesia can be induced in conscious laboratory animals by electrically stimulating the PAG (Reynolds, 1969 ; Mayer et al. 1971 ; Mayer & Liebeskind, 1974 ; Marek et al. 1991) .
In man, electrical stimulation of the ventrolateral PAG was found to produce the most effective analgesia for the treatment of chronic pain (Baskin et al. 1986 ). In relation to migraine, it was reported by Raskin (1987) that placement and the subsequent use of the stimulating electrode in the ventrolateral PAG, to treat chronic pain caused, in a few isolated instances, the development of migraine-like headaches in some patients, although these patients were previously unaffected by the condition suggesting that disrupting the activity within the brain can produce migraine. A larger study of Veloso et al. (1998) has confirmed these observations. This suggests that perturbation of the PAG may either by activation, or more likely in our view by dysfunction and thus disinhibition, produce headache.
Overall, even though the proto-oncogene Fos has been widely used as a marker of nociceptive activation this is not the only type of cell perturbation that can cause Fos expression within the central nervous system. In this study the nature of the nuclei producing Fos have not been classified to any degree. Therefore, it is difficult to state precisely the function of the cells eliciting Fos due to sinus stimulation. They may either be relaying nociceptive information to higher centres, acting to modulate the incoming primary afferents at the level of the trigeminal nucleus caudalis and upper cervical spinal cord or producing a secondary response to the given stimuli.
